The left ventricle is represented as an elastic thick-walled cylinder contracting symmetrically. The force generated by the active state of the myocardium in the radial direction is represented by body force (force/ unit volume) and is included in the mathematical formalism that describes the contraction of the left ventricle. An equation for the P-V relation in the left ventricle is derived and various applications to study cardiac mechanics are discussed. The results obtained tend to demonstrate that the active force generated by the myocardium during an ejecting contraction reaches its maximum value near the end of the systolic phase, when the slope E of the P-V line reaches its maximum value Em, and that it is related to the peak isovolumic pressure.
of variation calculated by the mean value theorem, h=b-a is the thickness of the myocardium, a=inner radius of the left ventricle, b=outer radius. Based on a quasi-static approximation (inertia forces neglected), the equation of the P-V relation at an instant of the systolic phase when the volume is V and the pressure is P is given by the near linear relation
(1)
where Dh=active force/unit area in the radial direction developed by the myocardium on its inner surface P=left ventricular cavity pressure V=left ventricular cavity volume Ved=left ventricular cavity volume at end-diastole (when dV/dt=0) E=slope of the P-V line shown in Fig. 2 Equation (1) expresses a quasi-static equilibrium between the active force/unit area Dh, the resistive left ventricular cavity pressure P, and the stress E(Ved-V) Fig . 1. Cross-section of a cylinder showing the component of the density force D generated by the active state of the myocardium in the radial direction. The radial force/unit area on the inner surface of the myocardium generated by D is given by Dh as explained in the text. P is the left ventricular cavity pressure, Po outer pressure on the myocardium, a=inner radius, b=outer radius, h=b-a thickness of the myocardium.
due to the deformation of the myocardium (passive elasticity). I shall assume that the outer pressure Po=0, and I shall neglect the values of Dh and P at enddiastole, which are small compared to the maximal values of Dh and P. The relation between the body force D and the active tension of the myocardial fiber is discussed in Appendix C. From Shoucri [1988] The Slope E and the Intercept VƒÃ:
The results of Since from equation (4) I have (11) I see that equations (10) and (11) can be combined to give (12) I have taken the values of ao from 
where Ec/L is taken from (14) that corresponds to the slight nonlinearity of the P-V relation. Some fluctuation in the results is also to be expected. b) In the non-linear case, E=E(Ved, V). If I indicate in the non-linear case by Vo the intersection of the P-V curve with the V-axis , then it is shown in Appendix A that I have (15) If I calculate (Dh) from equation (15), then E can be calculated by using equation (1). Equation (15) 
I suppose that the average of these two values gives the slope E in the near linear model (17) Given in Table III Table V , and compare the result with the value of (Dh)m calculated by means of equation (15), with Pm= 100mmHg and the corresponding end-systolic left ventricular volume V100 taken from Table V . Verification of Equation (15) Vom=intercept of the non-linear P-V curve with the V-axis; V100=left ventricular cavity volume when Pm=100mmHg; Pm=left ventricular cavity pressure; (Dh)m=active radial force/unit area. Values of Vom, V100, are taken from Table III of Little et al.8) curve for instance to the data of a P-V curve.
DISCUSSION
The introduction of the concept of active radial force/unit area (Dh) developed by the myocardium on its inner surface in a normal ejecting contraction has revealed some interesting results. Several aspects of the physiology of left ventricular contraction can be described by means of (Dh). These results are summarized in the following.
a. Equation (1) which describes the basic mechanism of cardiac contraction is based on a quasi-static approximation (inertia forces neglected). Within the assumptions and approximations introduced it describes the equilibrium of forces between (Dh), the left ventricular cavity pressure P and the stress E (Ved-V) due to the deformation of the myocardium (passive elasticity). b. As shown in Fig. 2 , the Suga-Sagawa P-V curve is obtained when (Dh) is kept constant and P and V are varied against a constant (Dh). When ]11)). c. The peak value (Dh)m is reached near end-systole when E reaches its maximum value Em. (Dh)m appears to be mainly determined by the initial stretch of the muscle (initial value of Ved), whether the contraction is isotonic or isovolumic. This property suggests that a reference value Ved can be used in a way to allow a comparative way by which the inotropic state of the muscle can be characterized by (Dh). d. I have been able to relate the Frank-Starling mechanism to (Dh) through equation (5) (see also Fig. 2 ). e. Some energetic considerations related to the work of the active force/unit area (Dh) during a normal ejecting contraction are discussed in Appendix B and in Shoucri et al [1989] .16) It appears from Appendix B that under stable working condition, I have (17) Under maximum output (maximum systemic energy) I have
Under stable working condition, the point d1 in Fig.  2 The solution to this interesting problem can give a new way to quantify the pump function of the heart. g. As discussed in Appendix C, the relation between radial body force D and the tension T developed by the muscular fiber is given by (19) where 
CONCLUSION
An important advantage of the introduction of the concept of body force to model the active state of the myocardium is that it enables one to split the difficulty of the problem of the left ventricular contraction into two steps:
a) The study of the relation between the active force of the myocardium and the left ventricular cavity pressure and volume. b) The study of the relation between the active force of the myocardium and the complex structure of the myocardium. It is only on aspect (a) of the problem that I have confined our study. The explicit inclusion of the radial active force/unit area (Dh) developed by the myocardium on its inner surface in the formalism that describes left ventricular mechanics has led to interesting results expressed by equations (1) to (5) . Equation (2) and the experimental results of Little et al [1988] 8) indicate that the P-V relation is nonlinear, but that the coefficient E is a slowly varying function of V when (Dh) is kept constant. This explains the apparent near linear P-V relation under normal physiological conditions. An interesting result is the observation that (Dh) reaches its maximum (Dh)m near the end of the contraction phase when E=Em, and that Dh in a quasi-static approximation is equal to the corresponding isovolumic pressure obtained in an isovolumic contraction. In other words, for the same inotropic state of the muscle, the force generated is mainly determined by the initial stretch of the muscle (initial value of Ved) whether the contraction is isotonic or isovolumic. which is equation (15) .
APPENDIX B Energetic considerations:
The volume V changes from Ved to Vm (Vm=Ves) during the systolic phase , and the active force/unit area (Dh) generated by the myocardium varies from P m to (Dh)m as shown in Fig. 2 (I assume Pm constant for simplicity). Note that by symmetry, the triangular area d1d2d4 is equal to the area d1d2d3 in Fig . 2 . The work Wt done by (Dh) when it moves from Pm to (Dh) m is a little less but approximately given by
This is approximately the trapezoidal area VmVedd3d1 in Fig. 2 . The work Wd corresponding to the deformation of the myocardium is a little less but approximately given by (B2) This is the triangular area d1d2d3 (or d1d2d4) in Fig. 2 
